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Extended Technicolor Models with Two ETC Groups
Neil D. Christensen and Robert Shrock
C.N. Yang Institute for Theoretical Physics
State University of New York, Stony Brook, NY 11794
We construct extended technicolor (ETC) models that can produce the large splitting between
the masses of the t and b quarks without necessarily excessive contributions to the ρ parameter or
to neutral flavor-changing processes. These models make use of two different ETC gauge groups,
such that left- and right-handed components of charge Q = 2/3 quarks transform under the same
ETC group, while left- and right-handed components of charge −1/3 quarks and charged leptons
transform under different ETC groups. The models thereby suppress the masses mb and mτ relative
to mt, and ms and mµ relative to mc because the masses of the Q = −1/3 quarks and charged
leptons require mixing between the two ETC groups, while the masses of the Q = 2/3 quarks do not.
A related source of the differences between these mass splittings is the effect of the two hierarchies
of breaking scales of the two ETC groups. We analyze a particular model of this type in some
detail. Although we find that this model tends to suppress the masses of the first two generations
of down-type quarks and charged leptons too much, it gives useful insights into the properties of
theories with more than one ETC group.
PACS numbers: 14.60.PQ, 12.60.Nz, 14.60.St
I. INTRODUCTION
It is possible that electroweak symmetry breaks via
the formation of a bilinear condensate of fermions sub-
ject to a new, asymptotically free, strong gauge inter-
action, generically called technicolor (TC) [1]. To com-
municate this symmetry breaking to the standard model
(technisinglet) fermions, one embeds technicolor in a
larger, extended technicolor (ETC) theory [2] (for some
reviews, see [3]). To satisfy constraints from flavor-
changing neutral-current (FCNC) processes, the ETC
vector bosons that mediate generation-changing transi-
tions must have large masses. To produce the hierarchy
in the masses of the observed three generations (families)
of fermions, the ETC vector boson masses have a hier-
archical spectrum reflecting the sequential breaking of
the ETC gauge symmetry on mass scales ranging from
approximately 103 TeV down to the TeV level. These
theories are tightly constrained by precision electroweak
measurements [4, 5]. Modern technicolor theories are de-
signed so that as the energy scale decreases, the gauge
coupling becomes large but runs very slowly (“walks”);
this behavior enhances masses of standard-model (SM)
fermions and pseudo-Nambu-Goldstone bosons [6, 7].
Models of dynamical electroweak symmetry breaking are
very ambitious in their goals, which include dynamical
generation of not just the W and Z masses but also
the entire spectrum of quark and lepton masses. It is
thus understandable that no fully realistic models of this
type have been developed. One longstanding challenge
for these models has been to account for the large split-
ting between the masses of the t and b quarks without
producing excessively large contributions to the parame-
ter ρ = m2W /(m
2
Z cos
2 θW ) or to neutral flavor-changing
processes.
In this paper we shall formulate general classes of mod-
els that can plausibly achieve this goal. These models are
based on the general idea suggested in Ref. [8], namely
to obtain the splitting of mt and mb without overly large
contributions to ρ by using two ETC groups, GETC and
G′ETC and arranging that the masses of quarks of charge
2/3 involve only the exchange of gauge bosons belonging
to GETC , while the masses of quarks of charge−1/3 arise
from diagrams involving gauge bosons of both GETC
and G′ETC , requiring mixing between these two sets of
gauge bosons. The necessity of this mixing suppresses
the masses of the down-type quarks relative to those
of up-type quarks. From among the general classes of
ETC models, we construct and study in some detail one
explicit ETC model embodying this idea, including an
analysis of the sequential breaking of the ETC gauge
symmetry that is necessary to produce the hierarchy in
the three standard-model fermion generations. We also
extend the mechanism to leptons so that the mass of the
charged lepton in each generation is suppressed relative
to that of the up-type quark. A related factor in pro-
ducing intragenerational mass splittings is the fact that,
for a given generation j, the respective breaking scales
Λj and Λ
′
j of the GETC and G
′
ETC gauge symmetries
may be somewhat different. We shall focus on a model
with one standard-model family of technifermions (with
an additional technineutrino) and also remark on models
in which the left- and right-handed chiral components of
the technifermions transform, respectively as one SU(2)L
doublet and two SU(2)L singlets. We also comment on
neutrino masses. Although the model is rather compli-
cated, we believe that it is useful as an explicit, moder-
ately ultraviolet-complete realization, of the strategy of
using two different ETC groups to account for the split-
ting between mt and mb.
Before proceeding, we briefly review some past efforts
to address the problem of t-b mass splitting in ETC the-
ories. One approach used a one-family technicolor model
and SU(2)L-singlet, charge −1/3 vectorlike b′ quarks
which mix with the b quark and reduce its mass rel-
ative to that of the t quark [9]. However, this model
and similar ones with b′ quarks do not satisfy the cri-
teria for the diagonality of the hadronic weak neutral
current in terms of mass eigenstates, viz., that all quarks
of a given chirality have the same weak isospin T and
T3 [10]. Consequently, such models generically can have
problems with excessively large contributions to hadronic
flavor-changing neutral current processes. A different ap-
proach to the problem of splitting the t and b masses
while maintaining acceptably small corrections to the ρ
parameter used a single ETC gauge group with different
ETC representations for the left- and right-handed chiral
components of the down-type quarks and charged leptons
[11, 12, 13, 14]. However, as we showed in Refs. [13, 14],
this approach also encounters problems with (i) excessive
suppression of down-quark and charged lepton masses,
and (ii) excessively large contributions to flavor-changing
neutral current processes, in particular, K0−K¯0 mixing.
Related discussions are contained in our Refs. [15, 16].
This paper is organized as follows. In Section II we
describe the general structure of one-family models with
two ETC gauge groups. In Section III we construct
and study a specific model of this type, including the
sequential breakings of the ETC symmetry groups and
the generation of quark and lepton masses. Section IV
contains remarks on some other phenomenological issues
such as flavor-changing neutral current processes, neu-
trino masses, and the minimization of the S parameter.
Section V contains our conclusions.
II. MODELS WITH TWO ETC GAUGE
GROUPS
A. Gauge Group
We take the technicolor group to be SU(NTC) with
the minimal nonabelian value, NTC = 2. There are
several reasons for this choice: (i) it reduces technicolor
contributions to the electroweak S parameter describing
heavy fermion loop corrections to the Z boson propaga-
tor [17, 18, 19, 20] (a perturbative estimate of which is
proportional to NTC for technifermions in the fundamen-
tal representation of SU(NTC)); (ii) with eight or nine
vectorially coupled Dirac technifermions, it can plausi-
bly have the desired walking behavior [6, 7]; and (iii) it
makes possible a mechanism for obtaining light neutrino
masses [23, 24]. The walking behavior can occur natu-
rally as a result of an approximate infrared-stable fixed
point which is larger than, but close to, a critical value at
which the technicolor theory would go over from a con-
fined phase with spontaneous chiral symmetry breaking
to a nonabelian Coulomb phase [6, 7].
We take the technifermions to transform according to
the fundamental representation of SU(2)TC and focus
mainly on models in which they comprise one standard-
model family. This SU(2)TC arises dynamically from
the sequential breaking of the two ETC groups. As
will be shown below, the last stage of this sequence,
which yields the technicolor group, entails the break-
ing of a direct product group SU(2)ETC × SU(2)′ETC
to its diagonal subgroup. To embed this direct product
group in the two respective larger ETC groups, taken to
be GETC = SU(NETC) and G
′
ETC = SU(N
′
ETC), one
gauges the generational indices and combines them with
the two sets of SU(2) group indices, leading to the rela-
tion
NETC = N
′
ETC = Ngen. +NTC , (2.1)
where Ngen. = 3 is the number of SM fermion genera-
tions. With NTC = 2, this then yields
GETC = SU(5)ETC , G
′
ETC = SU(5)
′
ETC . (2.2)
Thus, in this class of models the meaning of a standard-
model generation is somewhat different from the mean-
ing in a conventional ETC model with only a single
ETC group; here, for down-type quarks and charged lep-
tons, there are really two kinds of generations for the
two chiralities, corresponding to different ETC gauge
groups. We shall also use additional strongly coupled
gauge interactions to produce the desired sequential ETC
symmetry-breaking pattern. These include two SU(2)
hypercolor gauge interactions, each corresponding to a
different ETC group, denoted SU(2)HC and SU(2)
′
HC
[25]. The ETC symmetry breaking occurs in sequential
stages: (i) SU(5)ETC breaks to SU(4)ETC at a scale de-
noted Λ1 and SU(5)
′
ETC breaks to SU(4)
′
ETC at a scale
Λ′1, where the subscript 1 is assigned because it is at this
stage that the first-generation quarks and leptons split off
from the remaining four components in fundamental rep-
resentations of SU(5)ETC and SU(5)
′
ETC ; (ii) SU(4)ETC
and SU(4)′ETC break to SU(3)ETC and SU(3)
′
ETC , re-
spectively, at the lower scales scales Λ2 and Λ
′
2 where
the second-generation fermions split off from the remain-
ing three components of the above representations; and
(iii) SU(3)ETC and SU(3)
′
ETC break to SU(2)ETC and
SU(2)′ETC , respectively, at the lower scales Λ3 and Λ
′
3,
where third-generation fermions split off from the re-
maining two components of the above representations.
A basic requirement for these models is that there must
be a mechanism for communicating between SU(5)ETC
and SU(5)′ETC in order to produce an SU(2)TC group
that leads to a technifermion condensate. This mech-
anism must involve all of the five indices of both the
SU(5)ETC and SU(5)
′
ETC in order to give masses to all
three generations of fermions. A priori, one could con-
sider several possible ways of producing this communi-
cation, thereby defining corresponding classes of mod-
els. In the models that we shall study here, this com-
munication is achieved by the use of a strongly coupled
gauge interaction, which we shall call metacolor (MC),
which mediates between the ETC and ETC′ groups. In
the explicit models considered here, we take the meta-
color gauge group to be SU(2)MC . The communication
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is effected by metacolor-induced condensates of a set of
SM-singlet fermions that transform as nonsinglets under
SU(5)ETC and SU(2)MC with another set that transform
as nonsinglets under SU(5)′ETC and SU(2)MC . We de-
note this class of ETC models as EMC for “ETC with
MC” [26].
In an EMC type of ETC model, starting with a
low-energy effective field theory involving descendents
of the original ETC groups, which we will denote as
HETC × H ′ETC , with HETC ⊂ SU(5)ETC and H ′ETC ⊂
SU(5)′ETC , the metacolor interaction produces the break-
ing HETC ×H ′ETC → SU(2)TC . We denote the scale of
this breaking as ΛMC , which is also the scale where the
metacolor gauge interaction becomes strong. This scale
should be smaller than each of the lowest generational
symmetry-breaking scales in the two respective ETC sec-
tor, which are involved in the dynamical production of
third-generation fermion masses, Λ3 and Λ
′
3, since if this
were not the case, i.e., if there were a single ETC group
operative at a scale ≥ Λ3, then the basic mechanism con-
sidered here for splitting the t and b masses would not
be operative. Since Λ3 < Λj for j = 1, 2 and Λ
′
3 < Λ
′
j,
j = 1, 2, it follows that
ΛMC < min(Λ3, Λ
′
3) . (2.3)
In turn, this implies that in the above discussion,
HETC = SU(2)ETC and H
′
ETC = SU(2)
′
ETC .
Thus, the respective full gauge group of the fundamen-
tal theory is
G = SU(5)ETC × SU(5)′ETC
× SU(2)HC × SU(2)′HC × SU(2)MC ×GSM (2.4)
where GSM = SU(3)c×SU(2)L×U(1)Y is the standard-
model gauge group with Nc = 3.
B. Standard-Model Fermion Content
We next discuss the choices of standard-model fermion
representations under the ETC and ETC′ gauge groups.
We assign the left-handed quark and techniquark SU(2)L
doublets to transform as a fundamental representation of
SU(5)ETC and a singlet under SU(5)
′
ETC . (Our choice of
a fundamental rather than conjugate fundamental repre-
sentation of SU(5)ETC is a convention.) Since we want
the up-type and down-type quark masses in each of the
second and third generations to be unsuppressed and
suppressed, respectively, it follows that the right-handed
components of the up- and down-type quarks and tech-
niquarks should be assigned to the (5,1) and (1,5) repre-
sentations of SU(5)ETC × SU(5)′ETC , respectively. The
fermions that are nonsinglets under GSM are singlets un-
der the hypercolor and the metacolor group. This then
determines the quark sector of our model, which is dis-
played below, where the numbers indicate the represen-
tations under the nonabelian factor groups in G, and the
subscript gives the weak hypercharge Y :
QL : (5, 1; {1}; 3, 2)1/3,L
uR : (5, 1; {1}; 3, 1)4/3,R
dR : (1, 5; {1}; 3, 1)−2/3,R (2.5)
where {1} means singlet under SU(2)HC × SU(2)′HC ×
SU(2)MC . Here and in the rest of the paper we use a
compact notation in which, for example,
uR ≡ uajR ≡ (ua1, ua2, ua3, ua4, ua5)R
≡ (ua, ca, ta, Ua4, Ua5)R (2.6)
where a and j are color and SU(5)ETC indices, and so
forth for the other fields. One could also consider a model
in which dR transforms as (1, 5¯; 1, 1, 1; 3, 1)−2/3,R rather
than (1, 5; 1, 1, 1; 3, 1)−2/3,R. This would entail further
reduction of the down-quark masses; we shall focus here
on the choice in eq. (2.5). (In passing, we note that
the assignment of dR to (5¯, 1; 1, 1, 1; 3, 1)−2/3,R would
produce a model similar to the one that we studied in
Refs. [13, 14]; while this would succeed in intragener-
ational reduction of down-quark masses relative to up-
quark masses, it would yield overly large ETC contribu-
tions to flavor-changing neutral current processes.)
In order to suppress the charged lepton mass relative
to the up-quark mass in each generation, we shall make
the left- and right-handed components of the charged lep-
tons transform according to different ETC groups. Given
our restriction to fundamental and conjugate fundamen-
tal representations, we shall consider two different cases,
which we label as L1 and L2:
case L1 : LL : (1, 5; {1}; 1, 2)−1,L
eR : (5, 1; {1}; 1, 1)−2,R (2.7)
and
case L2 : LL : (1, 5¯; {1}; 1, 2)−1,L
eR : (5¯, 1; {1}; 1, 1)−2,R . (2.8)
One can then characterize a given model as being of type
L1 or L2.
C. Anomaly Constraints on SM-Singlet Fermion
Content
A requirement in the construction of these models is
the absence of any local gauge anomalies and, for the
SU(2) groups, also the absence of any global π4 anoma-
lies. For the model with lepton assignments of type L1,
SM-nonsinglet fermions and technifermions contribute
the following terms to these gauge anomalies: (i) for the
cubic SU(5)ETC anomaly (written for right-handed chiral
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components), A(QcR) = −2Nc = −6, A(uR) = Nc = 3,
and A(eR) = 1, for a total of −2; (ii) for the cubic
SU(5)′ETC anomaly (again for right-handed chiral com-
ponents): A(Lc)R = −2 and A(dR) = 3, for a total of
1. Here and below, we always write standard-model sin-
glet fields as right-handed. We cancel the above cubic
anomalies for SU(5)ETC and SU(5)
′
ETC with SM-singlet,
SU(5)ETC -nonsinglet fermions fR, which contribute the
amounts
case L1 :
∑
fR
A(fR) = 2 ,
∑
f˜R
A′(f˜R) = −1 . (2.9)
For the model with lepton assignment L2, by similar rea-
soning, we have the constraint
case L2 :
∑
fR
A(fR) = 4 ,
∑
f˜R
A′(f˜R) = −5 . (2.10)
One can check that these models also have zero
SU(5)2U(1)Y and SU(5)
′2U(1)Y gauge anomalies.
Before proceeding, we remark on the corresponding
constraints for gauge anomaly cancellation in the effec-
tive field theories that result from the sequential breaking
of the SU(5)ETC ×SU(5)′ETC symmetry to SU(N)ETC ×
SU(N ′)′ETC , where N and N
′ decrease through the val-
ues 4 and 3. The origin of the conditions (2.9)-(2.10) is
the contributions of the standard-model fermion multi-
plets to the respective ETC and ETC′ anomalies, and
since these SM-fermion ETC multiplets are fundamental
representations for each of the descendent ETC and ETC′
groups, their anomaly contributions remain the same. It
follows that for each of the low-energy effective field theo-
ries invariant under the various SU(N)ETC×SU(N ′)′ETC
gauge groups with N and N ′ taking on values 4 and 3,
the generalizations of conditions (2.9)-(2.10) hold, where
now A and A′ denote the respective contributions to the
SU(N)ETC and SU(N
′)′ETC anomalies from the mass-
less SM-singlet fermions fR and f˜R which are nonsin-
glets under these two groups. (That is, in the respec-
tive sums
∑
fR
and
∑
f˜R
, one has removed fermions that
have gained dynamical masses due to the formation of
condensates at higher scales.) The SM-singlet sectors of
the descendant low-energy effective field theories result-
ing from the sequential symmetry breaking of the ETC
and ETC’ symmetries satisfy these anomaly constraints,
as can be checked explicitly.
III. A MODEL OF TYPE L1
A. Standard-Model Singlet Fermion Content
Here we construct and analyze a model of type L1.
We must first choose an SM-singlet fermion sector that
satisfies the anomaly constraints of eq. (2.9). Here we
use one relatively simple solution to these constraints for
the SM-singlet fermions:
ψijR : (10, 1; 1, 1, 1; 1, 1)0,R
N iR (5, 1; 1, 1, 1; 1, 1)0,R
ζij,αR : (10, 1; 2, 1, 1; 1, 1)0,R
ωαp,R : 2(1, 1; 2, 1, 1; 1, 1)0,R
χi,λ,R : (5¯, 1; 1, 1, 2; 1, 1)0,R (3.1)
and
ψ˜i′j′,R : (1, 10; 1, 1, 1; 1, 1)0,R
ζ˜i′j′,α′,R : (1, 10; 1, 2, 1; 1, 1)0,R
ω˜α′,p,R : 2(1, 1; 1, 2, 1; 1, 1)0,R
χ˜i
′,λ
R : (1, 5; 1, 1, 2; 1, 1)0,R , (3.2)
where 1 ≤ i, j ≤ 5 are SU(5)ETC indices, 1 ≤ i′, j′ ≤ 5
are SU(5)′ETC indices, α = 1, 2 are SU(2)HC indices,
α′ = 1, 2 are SU(2)′HC indices, λ = 1, 2 are SU(2)MC
indices, and p = 1, 2 refer to the two copies of the
fields ωαp,R and ω˜
α′
p,R. (It is necessary to have an even
number of copies of the ωαp,R and ω˜
α
p,R fields in or-
der to avoid global π4 anomalies in the SU(2)HC and
SU(2)′HC gauge sectors.) In the above equations, the
tilde denotes SM-singlet, SU(5)ETC -singlet, SU(5)
′
ETC -
nonsinglet fermions, and we use the fact that the repre-
sentations of SU(2) are (pseudo)real. At certain points
below, we shall denote technicolor indices by t to distin-
guish them from generational indices j, k ∈ {1, 2, 3}.
With this content of massless fermions, the SU(5)ETC ,
SU(5)′ETC , SU(2)HC , SU(2)
′
HC , and SU(2)MC interac-
tions are all asymptotically free. The leading coefficients
of the various beta functions are given by [27]
b
(SU(5)ETC)
0 = 11 , b
(SU(5)′ETC)
0 = 13 , (3.3)
b
(SU(2)HC)
0 = b
(SU(2)′HC)
0 =
10
3
, (3.4)
and
b
(SU(2)MC)
0 = 4 . (3.5)
The beta functions for the other two nonabelian groups
in G, SU(3)c, SU(2)L, are also asymptotically free, with
leading coefficients b
(SU(3)c)
0 = 13/3 and b
(SU(2)L)
0 = 2/3.
These values of beta function coefficients for standard-
model gauge groups also hold for all of the other 1-family
models considered here, since they all have the same con-
tent of SM-nonsinglet fermions.
B. General Structure of ETC Gauge Symmetry
Breaking
The ETC and ETC′ gauge symmetries are chiral,
so that when they become strong, sequential breaking
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of each occurs naturally [28]. This breaking also in-
volves additional strongly coupled gauge interactions.
The breakings of the SU(5)ETC to SU(2)ETC and of
SU(5)′ETC to SU(2)
′
ETC are driven by the condensation of
SM-singlet fermions. The SM-singlet fermions that con-
dense at a given scale acquire dynamical masses of order
this scale and hence decouple from the effective theory
at lower energies.
We identify plausible preferred condensation channels
using a generalized most-attractive-channel (GMAC) ap-
proach that takes account of one or more strong gauge
interactions at each breaking scale, as well as the en-
ergy cost involved in producing gauge boson masses when
gauge symmetries are broken. An approximate measure
of the attractiveness of a channel R1 × R2 → Rcond. is
∆C2 = C2(R1) + C2(R2) − C2(Rcond.) [29], where Rj
denotes the representation under a relevant gauge inter-
action and C2(R) is the quadratic Casimir invariant [30].
C. SU(5)ETC → SU(4)ETC and SU(5)
′
ETC →
SU(4)′ETC Breaking
As the energy scale decreases from high values, the
SU(5)ETC coupling increases, as governed by the coeffi-
cient b
(SU(5)ETC)
0 in eq. (3.3). We envision that at an
energy scale Λ1 of order 10
3 TeV, α
ETC
becomes suffi-
ciently large to cause a condensate in the channel
(10, 1; 1, 1, 1; 1, 1)0,R× (10, 1; 1, 1, 1; 1, 1)0,R→
→ (5¯, 1; 1, 1, 1; 1, 1)0 (3.6)
with ∆C2 = 24/5, breaking SU(5)ETC to SU(4)ETC .
This is a most attractive channel; i.e., there is no other
channel with a higher value of ∆C2 [31]. With no loss of
generality, we take the breaking direction in SU(5)ETC
as i = 1, thereby splitting off the first-generation up
quarks from the remaining components of the corre-
sponding SU(5) fields with indices i ∈ {2, 3, 4, 5}. With
respect to the unbroken SU(4)ETC , we have the decom-
position 10 = 4 + 6. (Note that 6 ≈ 6¯ in SU(4).)
We denote the fundamental representation of SU(4)ETC ,
(4, 1; 1, 1, 1; 1, 1)0,R, as α
1i
R ≡ ψ1iR for 2 ≤ i ≤ 5, and the
antisymmetric tensor representation (1, 6; 1, 1, 1; 1, 1)0,R
as ξijR ≡ ψijR for 2 ≤ i, j ≤ 5. The associated condensate
is
〈ǫ1ijkℓξij TR CξkℓR 〉 = 8〈ξ23 TR Cξ45R −ξ24 TR Cξ35R +ξ25 TR Cξ34R 〉 .
(3.7)
where here and below, summations over repeated indices
are understood. Linear combinations of the six ξijR fields
involved in this condensate pick up masses of order Λ1.
Similarly, at a comparable scale Λ′1 ≃ 103 TeV, we en-
vision that α˜
ETC
becomes sufficiently strong to produce
condensation in the channel
(1, 10; 1, 1, 1; 1, 1)0,R × (1, 10, ; 1, 1, 1; 1, 1)0,R →
→ (1, 5; 1, 1, 1; 1, 1)0 (3.8)
breaking SU(5)′ETC to SU(4)
′
ETC . Again, this is a most
attractive channel, with ∆C2 = 24/5. With no loss of
generality, we take the breaking direction in SU(5)′ETC as
i′ = 1; this entails the separation of the first generation of
down-type quarks and charged leptons from the compo-
nents of the corresponding SU(5)′ETC fields with indices
lying in the set {2, 3, 4, 5}. In analogy with our nota-
tion for SU(4)ETC , we denote the conjugate fundamen-
tal representation (1, 4¯; 1, 1, 1; 1, 1)0,R and antisymmet-
ric conjugate tensor representation (1, 6¯; 1, 1, 1; 1, 1)0,R
of SU(4)′ETC as α˜1i,R ≡ ψ˜1i,R for 2 ≤ i ≤ 5 and
ξ˜ij,R ≡ ψ˜ij,R for 2 ≤ i, j ≤ 5. The associated SU(5)′ETC -
breaking, SU(4)′ETC -invariant condensate is
〈ǫ1i′j′k′ℓ′ ξ˜Ti′j′,RCξ˜k′ℓ′,R〉 = 8〈ξ˜T23,RCξ˜45,R − ξ˜T24,RCξ˜35,R
+ ξ˜T25,RCξ˜34,R〉 . (3.9)
The six ξ˜i′j′,R fields involved in this condensate pick up
masses of order Λ′1. (Again, the actual mass eigenstates
are linear combinations of these fields; henceforth, we
shall often suppress this when it is not important for the
discussion.) As was true in our previous studies of ETC
models, at lower energy scales, different patterns of ETC
breaking can occur, depending on the relative strengths
of the ETC and HC gauge couplings. We shall focus on
one pattern here.
D. ETC Symmetry Breaking at Lower Mass Scales
In the energy interval just below the lower of the two
scales Λ1 and Λ
′
1, the effective theory is invariant under
the gauge group
SU(4)ETC × SU(4)′ETC × SU(2)HC × SU(2)′HC×
×SU(2)MC ×GSM . (3.10)
Since the SU(4)ETC and SU(4)
′
ETC gauge interactions
are asymptotically free, the corresponding couplings
α
ETC
and α˜
ETC
continue to increase as the energy scale
decreases. As the energy scale descends through the value
Λ2 ≃ 50 TeV, the SU(4)ETC and SU(2)HC couplings be-
come sufficiently strong to lead together to condensation
in the channel
(4, 1; 2, 1, 1; 1, 1)0,R× (6, 1; 2, 1, 1; 1, 1)0,R→
(4¯, 1; 1, 1, 1; 1, 1)0 . (3.11)
This condensation channel preserves SU(2)HC and
breaks SU(4)ETC to SU(3)ETC . The Casimir opera-
tors measuring the attractiveness of this channel are
∆C2 = 5/2 for SU(4)ETC and ∆C2 = 3/2 for SU(2)HC .
The associated condensate is
〈ǫαβǫ12jkℓζ1j,α TR Cζkℓ,βR 〉 = 2〈ǫαβ(ζ13,α TR Cζ45,βR
5
−ζ14,α TR Cζ35,βR + ζ15,α TR Cζ34,βR )〉 , (3.12)
and the twelve ζij,αR fields in this condensate gain masses
of order Λ2.
Analogously, as the energy scale decreases through the
value Λ′2 ≃ 15 TeV, the SU(4)′ETC and SU(2)′HC cou-
plings become sufficiently strong to lead together to con-
densation in the channel
(1, 4¯; 1, 2, 1; 1, 1)0,R × (1, 6¯; 1, 2, 1; 1, 1)0,R →
→ (1, 4; 1, 1, 1; 1, 1)0 (3.13)
breaking SU(4)′ETC to SU(3)
′
ETC . The quadratic
Casimir invariants for this channel are ∆C2 = 5/2 for
SU(4)′ETC and ∆C2 = 3/2 for SU(2)
′
HC . The conden-
sate is
〈ǫα′β′ ǫ12j′k′ℓ′ ζ˜T1j′,α′,RCζ˜k′ℓ′,β′,R〉 =
= 2〈ǫα′β′(ζ˜T13,α′,RCζ˜45,β′,R
−ζ˜T14,α′,RCζ˜35,β′,R + ζ˜T15,α′,RCζ˜34,β′,R)〉 ,
(3.14)
and the twelve ζ˜i′j′,α′,R fields in this condensate gain
masses ∼ Λ′2.
The effective theory just below Λ′2 is invariant under
the gauge group
SU(3)ETC × SU(3)′ETC × SU(2)HC × SU(2)′HC×
×SU(2)MC ×GSM . (3.15)
Since the SU(3)ETC , SU(3)
′
ETC , SU(2)HC , SU(2)
′
HC ,
and SU(2)MC interactions are asymptotically free, their
couplings continue to increase as the energy scale de-
creases. At the scale Λ3 of a few TeV, the SU(3)ETC and
SU(2)HC interactions trigger condensation in the channel
(3, 1; 2, 1, 1; 1, 1)0,R × (3, 1; 2, 1, 1; 1, 1)0,R→
→ (3¯, 1; 1, 1, 1; 1, 1)0 , (3.16)
where the numbers indicate the representations under
the group (3.15). This condensation is invariant under
SU(2)HC and breaks SU(3)ETC to SU(2)ETC . Its attrac-
tiveness is given by the Casimir invariants ∆C2 = 4/3 for
SU(3)ETC and ∆C2 = 3/2 for SU(2)HC . Without loss
of generality, we may use the original SU(3)ETC gauge
symmetry to orient the condensate so that it takes the
form
〈ǫ123jkǫαβζ2j,α TR Cζ2k,βR 〉 = 2〈ǫαβζ24,αR Cζ25,βR 〉 . (3.17)
Similarly, at a scale Λ′3, the SU(3)
′
ETC and SU(2)
′
HC
are envisioned to lead together to a condensation in the
channel
(1, 3¯; 1, 2, 1; 1, 1)0,R × (1, 3¯; 1, 2, 1; 1, 1)0,R →
→ (1, 3; 1, 1, 1; 1, 1)0 , (3.18)
breaking SU(3)′ETC to SU(2)
′
ETC . The condensate is
〈ǫ123j′k′ǫα′β′ ζ˜T2j′,α′,RCζ˜2k′,β′,R〉 = 2〈ǫα
′β′ ζ˜T24,α′,RCζ˜25,β′,R〉 .
(3.19)
We next discuss several additional condensations
driven by the SU(2)HC and SU(2)
′
HC interactions. In the
low-energy effective field theory just below min(Λ3,Λ
′
3),
the massless SM-singlet, ETC-nonsinglet fermions con-
sist of ζij,αR and ζ˜i′j′,α′,R with ij = 12, 23 and i
′j′ =
12, 23, together with ωαp,R and ω˜α′,p,R with p = 1, 2.
In this energy interval, the SU(2)ETC , SU(2)
′
ETC , and
SU(2)HC gauge couplings continue to grow. The hy-
percolor interaction naturally produces (HC-singlet) con-
densates of the various remaining HC-doublet fermions.
In each case, ∆C2 = 3/2 for the hypercolor inter-
action. Since the condensates (3.17) and (3.19) were
formed via a combination of the attractive SU(2)HC and
SU(2)′HC interaction with, respectively, the SU(3)ETC
and SU(3)′ETC interactions, while the present conden-
sates are formed only by the SU(2)HC or SU(2)
′
HC in-
teraction, and have the same value of ∆C2 for the HC
and HC′ groups, it follows that the scales at which they
form, denoted Λs and Λ
′
s (where s denotes SU(2)ETC -
singlet and SU(2)′ETC -singlet) satisfy (i) Λs ≤ Λ3 and
Λ′s ≤ Λ′3. There are twelve condensates of this type,
〈ǫαβζ12,α TR Cζ23,βR 〉 (3.20)
〈ǫαβζ12,α TR Cωβp,R〉 (3.21)
〈ǫαβζ23,α TR Cωβp,R〉 (3.22)
〈ǫαβωα T1,R Cωβ2,R〉 (3.23)
〈ǫα′β′ ζ˜T12,α′,RCζ˜23,β′,R〉 (3.24)
〈ǫα′β′ ζ˜T12,α′,RCω˜β′,p,R〉 (3.25)
〈ǫα′β′ ζ˜T23,α′,RCω˜β′,p,R〉 (3.26)
〈ǫα′β′ ω˜Tα′,1,RCω˜β′,2,R〉 (3.27)
where p = 1, 2. Here we shall take Λs ≃ Λ′s ≃ Λ3.
In the energy interval just below min(Λ3,Λ
′
3), the the-
ory is invariant under the gauge group
SU(2)ETC × SU(2)′ETC × SU(2)HC × SU(2)′HC×
×SU(2)MC ×GSM . (3.28)
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With the fermions that have gained dynamical masses at
scales ≥ Λs,Λ′s integrated out, the resultant low-energy
effective field theory contains 14 chiral fermions trans-
forming as doublets under SU(2)ETC , namely
QajL , u
aj
R , e
j
R, α
1j
R , N jR, χj,λ,R (3.29)
and eight chiral fermions transforming as chiral doublets
under SU(2)′ETC , namely
Lj
′
L , d
aj′
R , α˜1j′,R, χ˜
j′,λ
R (3.30)
with j = 4, 5, j′ = 4, 5, and λ = 1, 2.
As the energy scale decreases through the value ΛMC ,
the metacolor interaction gets sufficiently strong to lead
to the condensation of the metacolor-nonsinglet fermions.
We assume that ΛMC is of order a few TeV. Applying a
GMAC argument, we infer that the favored condensa-
tion channel, as regards metacololor, is 2 × 2 → 1, with
condensate
〈
2∑
λ=1
5∑
j,k′=1
χTj,λ,RCχ˜
k′,λ
R 〉 (3.31)
where λ are MC indices, and j and k′ are SU(5)ETC and
SU(5)′ETC indices, respectively. Although these latter
two groups, SU(5)ETC and SU(5)
′
ETC , are no longer in-
variance groups of the effective theory at this scale ΛMC ,
the range of the indices in the condensate (3.31) is still
1 ≤ j, k′ ≤ 5 since the χj,λ,R and χ˜k
′,λ
R are still mass-
less fermions at this scale, and this condensate can be
bound solely by the SU(2)MC interaction. For the com-
ponents j, k′ ∈ {4, 5}, a vacuum alignment argument im-
plies that the condensate (3.31) is of the form const.×δk′j
so that it breaks SU(2)ETC × SU(2)′ETC to the diago-
nal subgroup SU(2)d ≡ SU(2)TC . The components of
the χ and χ˜ fermions involved in this condensate thus
gain dynamical masses of order ΛMC . The three normal-
ized diagonal linear combinations of the gauge bosons
of SU(2)ETC × SU(2)′ETC are the massless gauge bosons
of SU(2)TC and the three orthogonal linear combinations
gain masses of order ΛMC . Thus, the communication be-
tween the SU(5)ETC and SU(5)
′
ETC groups takes place
at the scale ΛMC . This communication, via the conden-
sate, (3.31) achieves two important goals: (i) connecting
fermions with SU(5)ETC generation indices j = 1, 2, 3
and fermions with SU(5)′ETC generation k
′ = 1, 2, 3 in-
dices; and (ii) producing the exact SU(2)TC group which
will break electroweak interactions at a lower energy
scale.
The effective field theory just below ΛMC is thus in-
variant under the gauge group
SU(2)TC × SU(2)HC × SU(2)′HC × SU(2)MC ×GSM .
(3.32)
Since the SU(2)HC , SU(2)
′
HC , and SU(2)MC gauge in-
teractions confine, the particles in this effective low-
energy field theory are singlets under all of these groups.
With the fermions having dynamically generated masses
≥ ΛMC integrated out, the resultant low-energy effective
SU(2)TC theory consists of the 18 chiral doublets given
by eqs. (3.29) and (3.30) with the χ’s removed, namely
(with numbers denoting representations under the group
of eq. (3.32)),
QtL : (2; {1}; 3, 2)1/3,L ,
U tR : (2; {1}; 3, 1)4/3,R , DtR : (2; {1}; 3, 1)−2/3,R ,
LtL : (2; {1}; 1, 2)−1,L , EtR : (2; {1}; 1, 1)−2,R ,
α1tR , N tR, α˜1t,R : 3(2; {1}; 1, 1)0,R (3.33)
where t = 4, 5 refer to SU(2)TC indices and, following
standard notation, we denote technifermions with cap-
ital letters. Neglecting the SM interactions, which are
weak at this scale, this theory is vectorial, with nine
Dirac technifermions, including three electroweak-singlet
technineutrinos. (Here we make use of the fact that the
representations of SU(2) are (pseudo)real to re-express
the technineutrinos in vectorial form as regards their
technicolor couplings.) The technicolor gauge interac-
tion has the necessary property of asymptotic freedom,
and furthermore, to within the uncertainties inherent in
the analysis of a strong-coupling gauge theory, one may
plausibly consider that it could have walking behavior,
so that the technicolor coupling αTC , evolves slowly in
the interval below ΛMC down to the technicolor conden-
sation scale.
As the energy scale decreases further to the value
that we shall denote ΛTC , the SU(2)TC technicolor
theory produces technifermion condensates that break
SU(2)L ×U(1)Y to U(1)em. These condensates are
〈U¯a,tUa,t〉 , 〈D¯a,tDa,t〉 , 〈E¯tEt〉 , (3.34)
〈N¯t,Lα1tR 〉+h.c., 〈N¯t,LN tR〉+h.c., 〈ǫ123tvN¯t,Lα˜1v,R〉+h.c.
(3.35)
where implied sums are over the color indices a and
TC indices t, v. In a one-family technicolor model such
as this, from the relation m2W = (g
2/4)F 2TCND with
ND = Nc + 1 = 4 the number of technifermion elec-
troweak doublets, one has FTC ≃ 125 GeV and, tak-
ing ΛTC ≃ 2FTC , this gives ΛTC ≃ 250 GeV. The
technicolor interaction also naturally produces Majorana
condensates involving only the right-handed, SM-singlet
technineutrinos (which do not break electroweak symme-
try), namely,
〈ǫ123tvα1t TR CN vR〉+ h.c., 〈α1t TR Cα˜1t,R〉+ h.c.,
〈N t TR Cα˜1t,R〉+ h.c. (3.36)
The exact gauge symmetry of the theory at energies be-
low the electroweak scale, ΛTC , is
SU(2)TC × SU(2)HC × SU(2)′HC × SU(2)MC×
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SU(3)c ×U(1)em . (3.37)
The technifermions F involved in the condensates of
eqs. (3.34)-(3.36) gain dynamical masses that are gener-
ically denoted ΣF . Since other interactions are weaker
than technicolor at this scale, these technifermion con-
densates are expected to be nearly equal for different
F ’s, and consequently so are the corresponding dynami-
cal masses ΣF [32]. Hence, in particular,
|ΣU − ΣD|
ΣU +ΣD
≪ 1 , |ΣN − ΣE |
ΣN +ΣE
≪ 1 . (3.38)
For the overall magnitude of the common ΣF , the esti-
mates used, e.g., in Ref. [13], give ΣF ≃ 2ΛTC ≃ 500
GeV.
Therefore, the model preserves custodial symmetry
very well and can naturally yield acceptably small cor-
rections to the parameter ρ = αem(mZ)T . An estimate
of the contribution in the present model gives a result
similar to the value that we found in Ref. [13]. We recall
the reasoning that went into that estimate. Let us denote
the TC/ETC corrections to ρ as ∆ρ. The one-loop (1ℓ)
contribution involving technifermions yields
(∆ρ)1ℓ ≃ NTCGF
8π2
√
2
[
Ncfρ(Σ
2
U ,Σ
2
D) + fρ(Σ
2
N ,Σ
2
E)
]
(3.39)
where [33]
fρ(x, y) = x+ y − 2xy
x− y ln
(x
y
)
. (3.40)
We denote ΣU − ΣD = ǫUD and ΣN − ΣE = ǫNE . Since
among standard-model gauge interactions only the weak
hypercharge U(1)Y distinguishes between U and D (and,
separately, N and E), one may estimate the standard-
model contribution to these technifermion mass differ-
ences as ǫ
UD
≃ ǫ
NE
≃ (αY /π)ΣF , where αY = g′2/(4π).
With αem(mZ) ≃ 1/128 and sin2 θW (mZ) ≃ 0.232, one
has αY (mZ) = 1.0 × 10−2, which is also approximately
the value of αY (µ) at a scale µ = ΛTC . This gives
a standard-model contribution ǫ
UD
/ΣF ≃ ǫNE/ΣF ≃
0.3 × 10−2. Other contributions arise from the different
manner in which the ETC and ETC′ interactions treat
the U and D (and N and E) technifermions (see below).
Using the Taylor series expansion
fρ((Σ + ǫ)
2,Σ2) = ǫ2
[
4
3
− 1
15
ǫ2
Σ2
+O
( ǫ3
Σ3
)]
, (3.41)
we can express this contribution as
(∆ρ)1ℓ ≃ NTCGF
6π2
√
2
(Ncǫ
2
UD
+ ǫ2
NE
) . (3.42)
For a rough estimate, setting ǫ
UD
≃ ǫ
NE
, we obtain
(∆ρ)1ℓ ≃ 2NTCGF ǫ2UD/(3π2
√
2). Using NTC = 2 and
ǫ
UD
/ΣU,D ≃ 10−2 then yields (∆ρ)1ℓ ≃ 3 × 10−5, or
equivalently, (∆T )1ℓ ≃ 4 × 10−3, which is safely small.
The higher-lying dynamics of unbroken gauge interac-
tions, such as metacolor, leading to the technicolor theory
should be subsumed in this estimate. Next, one consid-
ers contributions involving explicit ETC and ETC′ gauge
boson exchanges. These can be roughly estimated by re-
calling that the momentum scale of the technicolor mass
generation mechanism is set by ΛTC , and the emission
and reabsorption of an ETC or ETC′ gauge boson will
lead to a denominator factor of at most 1/Λ23. This yields
the estimate of Ref. [13], namely
∆ρ ≃ 2bΛ
2
TC
3Λ23
, (3.43)
where b ≃ O(1). Numerically, this gives (∆ρ) ≃ (4 ×
10−3)b or equivalently, T ≃ 0.5b. (We note that this
estimate and the one in Ref. [13] are slightly smaller
than the one given in Ref. [8].) For b <∼ 0.5, this is
consistent with current experimental constraints [4, 5].
From our studies, this success in splitting mt and mb
while plausibly maintaining sufficiently small corrections
to the ρ parameter, appears to generalize beyond just
this particular EMC L1 model to other EMC-type ETC
models with two ETC gauge groups.
E. ETC Gauge Bosons
For a SM fermion fχ transforming as a 5 of SU(5)ETC ,
the basic coupling to the SU(5)ETC gauge bosons (which
is vectorial) is
L = g
ETC
f¯j(Ta)
j
k(Va)
λγλf
k (3.44)
where the Ta, a = 1, ..., 24 are the generators of the Lie
algebra of SU(5)ETC and the Va are the corresponding
ETC gauge fields. For a fermion f transforming as a
5 of SU(5)′ETC , the coupling is the same with the re-
placement of g
ETC
by g
ETC′
and (Va) by V˜a. For non-
diagonal transitions, j 6= k, it is convenient to use the
fields V jk =
∑
a Va,λ(Ta)
j
k for SU(5)ETC , whose absorp-
tion by fk yields f j, with coupling g
ETC
/
√
2, analogous
to the W± in SU(2)L and similarly for SU(5)
′
ETC , with
the changes noted before. We take the diagonal (Cartan)
generators for both SU(5)ETC and SU(5)
′
ETC to be
T24 ≡ Td1 = (2
√
10)−1diag(−4, 1, 1, 1, 1),
T15 ≡ Td2 = (2
√
6)−1diag(0,−3, 1, 1, 1),
T8 ≡ Td3 = (2
√
3)−1diag(0, 0,−2, 1, 1),
T3 = (1/2)diag(0, 0, 0,−1, 1) . (3.45)
The ETC gauge bosons that couple to these diagonal
generators Tdj are denoted Vdj for SU(5)ETC and V˜dj for
SU(5)′ETC .
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χ
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χ
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FIG. 1: A graph contributing to the ETC gauge boson mixing
V˜ k
′
t′
↔ V jt , where j, k
′ ∈ {1, 2, 3} are generational indices and t, t′ ∈
{4, 5} connect with technicolor indices in SU(2)TC , the diagonal
subgroup of SU(2)ETC × SU(2)
′
ETC .
When SU(5)ETC breaks to SU(4)ETC , the nine ETC
gauge bosons in the coset SU(5)ETC/SU(4)ETC , namely,
V 1j , (V
1
j )
† = V j1 , j = 2, 3, 4, 5, and Vd1, gain masses
M1 ≃ Λ1. When SU(4)ETC breaks to SU(3)ETC , the
seven ETC gauge bosons V 2j and (V
2
j )
† = V j2 , j = 3, 4, 5,
together with Vd2, gain masses ≃ Λ2. Finally, when
SU(3)ETC breaks to SU(2)TC , the five ETC gauge bosons
V 3j , (V
3
j )
† = V j3 , j = 4, 5, together with Vd3, gain masses
≃ Λ3. The analogous statements hold for SU(5)′ETC with
the replacements of V jk by V˜
j′
k′ , Vdj by V˜dj′ , and Λj by Λ
′
j.
The SM-singlet fermions responsible for these breakings
also, through quantum loops, lead to mixing among the
V bosons and, separately, among the V˜ bosons, so that
they are not exact mass eigenstates. The mixing is small,
being suppressed by ratios of the hierarchical ETC and
ETC′ scales. There is also mixing of the ETC and ETC′
groups, which takes place at the scale ΛMC via the con-
densate (3.31). This is necessary for generating down-
quark and lepton masses. A graph that contributes to
this mixing is shown in Fig. 1.
F. Quark and Lepton Masses
The effective theory describing the physics at energies
E < ΛTC , obtained by integrating out the ETC and TC
gauge bosons and all of the heavy fermions, contains the
mass matrix of the up-type quarks,
Lu = −u¯j,LM (u)jk ukR + h.c., (3.46)
and the corresponding mass matrix of the down-type
quarks,
Ld = −d¯j,LM (d)jk′ dk
′
R + h.c., (3.47)
with j, k′ ∈ {1, 2, 3}. For the present model, of L1 type,
the mass matrix for the charged leptons is
Le = −e¯j′,LM (e)j′kekR + h.c., (3.48)


u
k
R
u
t
R
u
t
L
u
j
L
V
k
t
V
j
t
1
FIG. 2: A graph generating u¯j,LM
(u)
jk u
k
R where j, k ∈ {1, 2, 3} are
generational indices and t ∈ {4, 5} are technicolor indices. The V jt
are SU(5)ETC vector bosons.
with j′, k ∈ {1, 2, 3}. An analogous operator, with obvi-
ous interchange of primed indices, applies for a model of
type L2.
The elements of the up-type quark mass matrix arise
from the diagram in Fig. 2. The diagonal elements of
this matrix are
M
(u)
jj ≃
κηΛ3TC
Λ2j
(3.49)
where κ ∼ O(10) is a numerical prefactor from the inte-
gration (see, e.g., [13]) and η is a walking factor
η = exp[
∫ Λw
ΛTC
(dµ/µ)γ(α(µ))] (3.50)
where the technicolor theory has walking behavior be-
tween ΛTC and a scale denoted Λw. With the anomalous
dimension γ ≃ 1 as in a walking theory, this factor is then
η ≃ Λw/ΛTC . In the current class of theories, it is plau-
sible that there could be walking up to the scale ΛMC , so
that η ≃ ΛMC/ΛTC . For the third-generation standard-
model fermions, the entries M
(f)
33 should give reasonable
estimates of the corresponding masses of u3 ≡ t, d3 ≡ b,
and e3 ≡ τ which are not changed significantly by off-
diagonal entries. In particular, for the top quark, as-
suming the above value of η and using the value Λ3 ≃ 3
TeV, one obtains a value of M
(u)
33 and hence mt that is
acceptably close to the experimental pole mass mt ≃ 175
GeV. For mt, the difference between this pole mass and
the running mass evaluated at 175 GeV is negligible; for
the other quarks, we use the running masses evaluated
at the scale µt = 175 GeV. In view of the substantial un-
certainties in the dynamically generated standard-model
fermion masses due to the strong-coupling nature of the
TC and ETC theories, we consider an estimate for a
fermion mass to be acceptable if it is within a factor of 2-3
of the measured mass. If the contributions of off-diagonal
element in M (u) are sufficiently small, then the diagonal
elementM
(f)
22 is dominant in determining the mass of the
corresponding second-generation fermions u2 ≡ c. As-
suming that this is the case, the value of Λ2 ≃ 45 TeV,
which is consistent with the renormalization group equa-
tions for the SU(4)ETC theory, yields an acceptable result
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TABLE I: Summary table of ETC and ETC′ breaking scales and
other strong-coupling scales, in units of TeV, in the model. In the
third column we list a physical quantity or constraint(s) that are
highly correlated with the numerical value of the given scale. In the
lines for Λs and Λ′s, f = u, d, e refers to up- and down-quark quarks
and charged leptons. In the line for ΛMC , the notation {md},
{me} indicates that ΛMC affects the values of all of the down-type
quarks and charged leptons. See text for detailed discussion.
scale value comments
Λ1 ≃ 10
3 FCNC constraints
Λ2 ≃ 45 mc value
Λ3 ≃ 3 mt value
Λ′1 ≃ 10
3 FCNC constraints
Λ′2 ≃ 15 ETC hierarchy
Λ′3 ≃ 15 mb value
Λs ≃ 3 M
(f), off-diag.
Λ′s ≃ 3 M
(f), off-diag.
ΛMC ≃ 2 {md}, {me}
ΛTC ≃ 0.25 mW , mZ
for mc, i.e., mc(µt) ≃ 0.6 GeV, corresponding to the pole
mass mc = 1.3 GeV. These values are listed in Table I
together with other scales in the model. The property
mu < md for first-generation quarks, which is the oppo-
site of the pattern mc ≫ ms, mt ≫ mb of the second
and third generations, requires that some off-diagonal
elements of M (u) and M (d) play an important role in
determining the first-generation quark masses.
The off-diagonal entries M
(u)
jk , j 6= k, arise via dia-
grams involving ETC vector boson mixing of the form
V kt → V jt . This mixing is indicated by the cross on the
ETC vector boson propagator in Fig. 2, where it is under-
stood that since the ETC and TC couplings are strong,
further gauge boson exchanges not suppressed by large
propagators are implicitly included.
M
(u)
jk ≃
κη (jtΠ
k
t )Λ
3
TC
Λ2jΛ
2
k
(3.51)
where jtΠ
k
t denotes the relevant nondiagonal ETC prop-
agator insertion that produce the transition V kt → V jt .
Additional virtual SU(5)ETC exchanges not overly sup-
pressed by large mass scales are understood to be in-
cluded, since the corresponding gauge couplings are large.
The down-quark and charged lepton masses are sup-
pressed, since all elements of the mass matricesM
(d)
jk′ and
M
(e)
j′k require the V − V˜ mixing. The elements of the ma-
trix M (d) arise from the graph in Fig. 3. We have
M
(d)
jk′ ≃
κη (jtΠ
k′
t′ )Λ
3
TC
Λ2jΛ
′2
k
(3.52)
where jtΠ
k′
t′ denotes the relevant nondiagonal ETC vector
bosons propagator insertions and exchanges that produce
×
×
d
k′
R d
t′
R d
t
L d
j
L
V˜
k′
t′ V
j
t
1
FIG. 3: A graph generating the mass matrix for charge q = −1/3
quarks, d¯j,LM
(d)
jk′
dk
′
R , where j, k
′ ∈ {1, 2, 3} are generational indices
and t, t′ ∈ {4, 5} connect with technicolor indices in SU(2)TC , the
diagonal subgroup of SU(2)ETC×SU(2)
′
ETC . The V
j
t and V˜
k′
t′
are
SU(5)ETC and SU(5)
′
ETC vector bosons; since the corresponding
gauge couplings are strong, this graph is understood to represent
also additional exchanges of these gauge bosons, insofar as they are
not suppressed by large mass scales.
the transition V˜ k
′
t′ → V jt . Again, additional SU(5)ETC
and SU(5)′ETC exchanges not overly suppressed by large
mass scales are understood to be included, since the cor-
responding gauge couplings are large. Since the meta-
color condensate (3.31) occurs at the scale ΛMC , it
follows that the dynamical masses for the metacolor
fermions are soft for higher momentum scales. Perform-
ing the loop integral in Fig. 1, one thus finds that
j
tΠ
j′
t′ ∝ Λ2MC for j = j′ (with smaller values for jtΠk
′
t′
for j 6= k′). The largest eigenvalues of M (u) and M (d),
i.e., the masses of mt and mb, are determined by the re-
spective elements M
(u)
33 and M
(d)
33 . From eqs. (3.49) and
(3.52), one then has the relation
mb
mt
≃
(
ΛMC
Λ′3
)2
(3.53)
since the factor of 1/Λ23 cancels in this ratio. Using the
pole mass mb ≃ 4.3 GeV or equivalently the running
mass mb(µt) ≃ 3.0 GeV, with mt ≃ 175 GeV as above,
eq. (3.53) yields the ratio Λ′3/ΛMC ≃ 7.6. With the il-
lustrative value ΛMC ≃ 2 TeV, this can be achieved with
Λ′3 ≃ 15 TeV. Because of the strong-coupling nature of
the physics involved here, these are only rough estimates,
but they demonstrate that the model can achieve the req-
uisite t− b mass splitting.
However, the model encounters difficulty in trying to
account for the masses of the standard-model fermions of
the lower two generations. To see this, we first consider
the situation in the approximation where one neglects the
off-diagonal terms in the mass matrices. Then the model
would yield the generalization of eq. (3.53), viz.,
mdj
muj
=
(
ΛMC
Λ′j
)2
(3.54)
for generation j. Taking ratios for j = 2 and j = 3, this
would imply the double ratio relation
(ms/mc)
(mb/mt)
=
(
Λ′3
Λ′2
)2
(3.55)
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FIG. 4: A graph generating the mass matrix for charged leptons,
e¯j′,LM
(e)
j′k
ekR, where j
′, k ∈ {1, 2, 3} are generational indices and
t, t′ ∈ {4, 5} connect with technicolor indices in SU(2)TC , the di-
agonal subgroup of SU(2)ETC × SU(2)
′
ETC . Notation is as in Fig.
3.
(where all of the masses are evaluated at a common scale,
taken here to be µt). But because ms/mc > mb/mt (the
values being roughly 1/10 and 1/60, respectively), this
would require that Λ′3 > Λ
′
2, which is impossible, since
the sequential breaking SU(4)′ETC → SU(3)′ETC guaran-
tees that Λ˜2 ≥ Λ˜3. This problem would be mitigated as
much as possible if Λ′2 ≃ Λ′3, i.e. the sequential break-
ing of SU(4)′ETC to SU(3)
′
ETC and thence to SU(2)
′
ETC
occurs at comparable scales (see Table I).
There is also a problem with the ratios of down-quark
masses of different generations. With the same simpli-
fication of neglecting off-diagonal elements in the mass
matrix M (d), one has
mdj
mdk
=
(
ΛkΛ
′
k
ΛjΛ′j
)2
. (3.56)
This yields ratios for ms/mb and md/ms that are too
small to fit experimental values. One is thus motivated
to consider the full down-quark mass matrix in order to
assess whether this improves the predictions for the ratios
(3.56). We define the ratios
rjk ≡
(
Λj
Λk
)2
, r′jk ≡
(
Λ′j
Λ′k
)2
. (3.57)
We can then write eq. (3.52) equivalently as
M (d) ≃ mb

 r31r
′
31 r31r
′
32 r31
r32r
′
31 r32r
′
32 r32
r′31 r
′
32 1

 . (3.58)
Diagonalizing this matrix, one finds that the presence
of the off-diagonal elements does not change the mass
eigenvalues sufficiently from the diagonal-matrix case, so
that the masses for the first two generations, md and ms,
are still too small. If these off-diagonal elements were
larger than our estimates above, this problem might be
ameliorated somewhat.
In this model of type L1, the elements of the charged
lepton mass matrix in eq. (3.48) are generated via the
graph shown in Fig. 4, leading to the result
M
(e)
j′k ≃
κη (j
′
t Π
k
t )Λ
3
TC
Λ′2j Λ
2
k
. (3.59)
The model succeeds in producing the desired t− τ mass
splitting, but, as was the case withM (d) and for the same
reasons, the values ofme and mµ are too small. For com-
parison, we note that a similar problem with overly small
md,s and me,µ masses was encountered in the model that
we studied earlier in Refs. [13, 14] which used relatively
conjugate representations for the left- and right-handed
chiral components of the down-quarks and charged lep-
tons to obtain intragenerational mass splittings.
In addition to the suppression of the Q = −1/3 quark
mass relative to the Q = 2/3 quark mass in the upper
two generations, a viable model should also incorporate a
mechanism for suppressing the charged lepton mass rela-
tive to the Q = 2/3 and Q = −1/3 quark masses in each
generation. In a theory such as the present one with walk-
ing, the technicolor coupling varies slowly with energy
over an extended interval and is only slightly less than
the critical value for condensate formation. Therefore,
small perturbations that would normally be of negligible
importance can become significant. In particular, the
attractive QCD interaction can naturally expedite tech-
niquark condensation, relative to technilepton condensa-
tion (in a one-family model), so that the former occurs
at a higher energy scale than the latter, giving rise to the
inequality ΣQ > ΣL for the resultant dynamical techni-
quark and technilepton masses, and consequently to an
increase of the quark masses, relative to the charged lep-
ton masses, in each generation [8, 34]. However, this, by
itself, does not split the masses of the charge 2/3 quarks
from those of the charge −1/3 quarks. For that purpose,
one could invoke the U(1)Y hypercharge gauge interac-
tions, which are weaker.
IV. SOME FURTHER PHENOMENOLOGICAL
TOPICS
A. Flavor-Changing Neutral Current Processes
The present models can satisfy constraints from flavor-
changing neutral current processes. The basic observa-
tion here is the generalization of the point made in Ref.
[13] to the case of two ETC groups: because both of
the ETC gauge interactions act in a vectorial, rather
than chiral, manner on the standard-model quarks, pro-
cesses such as K¯0 ↔ K0, D¯0 ↔ D0, and B¯0q → B¯0q
with q = d, s are suppressed. For example, to take
the transition among these that imposes the most se-
vere constraint, namely the one with neutral kaons, in
the K¯0 → K0 transition, an initial sLd¯L produces a
V 21 ETC gauge boson, but this cannot directly yield a
dLs¯L in the final-state K
0; the latter is produced by a
V 12 . This requires ETC gauge boson mixing of the form
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V 21 → V 12 . In the present models, as in the simpler vec-
torial model with a single ETC group studied in Ref.
[13, 14], this mixing introduces a suppression by a factor
≃ (Λ3/Λ1)2, resulting in an ETC contribution to K¯0−K0
mixing and hence to ∆mK of order Λ
2
3Λ
3
QCD/Λ
4
1, where
∆mK = mKL−mKS = (0.7×10−14)mK0 , and we ignore
factors of 1/(4π2) in view of the strong-coupling nature of
the calculation. Requiring that the ETC contribution be
small compared with the experimentally measured value
of ∆mK implies that the ratio Λ3ΛQCD/Λ
2
1 ≪ 10−7.
This constraint is satisfied, for example, by the illustra-
tive values of Λ1 ≃ 103 TeV and Λ3 = 3 TeV used here,
which give Λ3ΛQCD/Λ
2
1 ≃ 0.6 × 10−9. Similarly, in the
same K¯0 → K0 transition, an initial sRd¯R produces a V˜ 21
ETC gauge boson, but this cannot directly yield a dRs¯R
in the final-stateK0; the latter is produced by a V˜ 12 . This
requires ETC gauge boson mixing of the form V˜ 21 → V˜ 12 ,
which causes a suppression by a factor ≃ (Λ′3/Λ′1)2. By
the same reasoning as above, we require that the ratio
Λ′3ΛQCD/(Λ
′
1)
2 ≪ 10−7. This constraint is satisfied for
the values of these parameters used here, which give a
value of ≃ 3×10−9 for this ratio. Analogous remarks ap-
ply for the contributions via sLd¯L → V 21 → V˜ 12 → dRs¯R
and sRd¯R → V˜ 21 → V 12 → dLs¯L.
The same type of suppression occurs for other neu-
tral pseudoscalar meson mixings such as D ↔ D¯, Bd ↔
B¯d, and Bs ↔ B¯s. The upper limit on the decay
K+ → π+µ+e− and hence on the elementary process
s¯→ d¯µ+e−, which is mediated by V 12 and V˜ 12 , is also sat-
isfied with the values of Λ1 and Λ
′
1 that we use. Similar
consistency checks can be carried out for other processes
and quantities due to dimension-5 and dimension-6 oper-
ators, as we have analyzed these in earlier works [13]-[16].
B. Neutrino Masses
In Ref. [23] a mechanism was presented for produc-
ing light neutrino masses in an ETC theory. This was
studied further in Refs. [13, 24]. Here we remark on
how this mechanism can be implemented in the current
models containing two ETC gauge groups. For this pur-
pose, we recall that even in an ETC theory with only one
ETC group, below the highest scale, Λ1, of ETC break-
ing, there are actually two plausible patterns of breaking.
These were labelled Ga and Gb in Ref. [23], and, in mod-
ified form, sequences S1 and S2 in Refs. [13, 14]. In the
discussion above we have concentrated on the two-ETC
group generalization of sequence S1. For considerations
of neutrino masses, sequence S2 is also of interest. One
would thus be led to consider a generalization of this se-
quence to the case of two ETC groups relevant to the
present models.
C. Remarks on a Model with a Minimal
Technifermion Sector
Two continuing concerns that one has with ETC mod-
els that contain a full standard-model family of tech-
nifermions are the substantial contribution to the elec-
troweak parameter S and the presence of many pseudo-
Nambu-Goldstone bosons (PNGB’s), whose masses must
be elevated (e.g., by walking enhancement) to lie above
experimental lower bounds. These concerns motivate
consideration of ETC models which use the minimum
set of electroweak-nonsinglet technifermions, comprising
(for a given TC index) a single left-handed SU(2)L dou-
blet and the corresponding two right-handed fields. We
briefly comment here on how one might construct a model
of this type with two ETC groups.
We denote the technicolor contribution to S as
(∆S)(TC). In general, the S parameter [17] measures
heavy-particle contributions to the Z self-energy via
the term 4s2W c
2
Wα
−1
em(mZ)[Π
(NP )
ZZ (m
2
Z)− Π(NP )ZZ (0)]/m2Z ,
where s2W = 1 − c2W = sin2 θW , evaluated at mZ (see
[4] for details). Since technifermions are strongly inter-
acting on the scale mZ used in the definition of S, one
cannot reliably apply perturbation theory to calculate
(∆S)(TC) [18, 19]; at most, it provides a rough guide,
namely, (∆S)
(TC)
pert. = ND/(6π), where ND denotes the to-
tal number of new technifermion SU(2)L doublets (count-
ing technicolors). As is well known, for a one-family
technicolor with technifermions transforming according
to the fundamental representation of SU(NTC), ND =
NTC(Nc + 1) = 8, so that (∆S)
(TC)
pert. = 4/(3π) ≃ 0.4,
which is larger than the experimentally preferred region.
Now consider a TC/ETC model with a minimal
electroweak-nonsinglet technifermion sector. For general
NTC , we again take the technifermions to transform ac-
cording to the fundamental representation of SU(NTC).
The transformation properties of the SM-nonsinglet tech-
nifermions under SU(NTC)×GSM are given by
F p,tL =
(
F 1,tL
F 2,tL
)
: (NTC , 1, 2)0,L,
F
t (±1/2)
R : (NTC , 1, 1)±1,R, (4.1)
where p = 1, 2 and t are the SU(2)L and SU(NTC) in-
dices, the superscripts in parentheses indicate electric
charge, and the subscripts are hypercharge and chiral-
ity. (The charges on F p,tL are obvious and hence are sup-
pressed in the notation.) For this model, (∆S)
(TC)
pert. =
NTC/(6π). Hence, for NTC = 2, (∆S)
(TC)
pert. = 1/(3π) ≃
0.1, which is sufficiently small to agree with experimental
constraints. Although one-doublet technicolor models, as
such, do not have walking, one can add SM-singlet, TC-
nonsinglet fermions so as to produce walking [22]. An-
other advantage of a one-doublet TC model is that all of
the three Nambu-Goldstone bosons (NGB’s) that arise
due to the formation of technicondensates are absorbed
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to make the W± and Z massive so that there are no
problems with unwanted PNGB’s.
In this model, as the energy scale descends to ΛTC ,
the TC interaction naturally leads to the formation of
the technifermion condensates
〈F¯1,t,LF (1/2),tR 〉 , 〈F¯2,t,LF (−1/2),tR 〉 (4.2)
breaking electroweak symmetry in the desired manner.
This channel has ∆C2 = (N
2
TC − 1)/NTC , i.e., 3/2 for
NTC = 2. We note that for NTC = 2 an equally attrac-
tive channel would involve the condensate
〈ǫpqǫstF ps TL CF qtL 〉
= 〈ǫst(F 1s TL CF 2tL − F 2s TL CF 1tL )〉 (4.3)
where p, q and s, t are SU(2)L and SU(2)TC indices, re-
spectively. One would not want (4.3) to be the only tech-
nifermion condensate to occur, since it is invariant under
the entire group G in eq. (2.4) and thus, in particular,
does not break the electroweak gauge symmetry. It would
be worthwhile in future work to investigate how this type
of TC model with a minimal electroweak-nonsinglet tech-
nifermion sector could be embedded in a larger theory
with two ETC gauge groups.
V. CONCLUSIONS
In this paper we have formulated a class of extended
technicolor models that can plausibly produce the ob-
served mass splitting mt ≫ mb without excessive contri-
butions to the ρ parameter or to neutral flavor-changing
processes. These models use two different chiral ETC
groups [8] such that left- and right-handed components
of charge 2/3 quarks transform under the same ETC
group, while left- and right-handed components of charge
−1/3 quarks and charged leptons transform under dif-
ferent ETC groups. The models suppress mb and mτ
relative to mt, and ms and mµ relative to mc because
the masses of the Q = −1/3 quarks and charged leptons
require mixing between the two ETC groups, while the
masses of the Q = 2/3 quarks do not. We have con-
structed and analyzed in detail one explicit model of this
type. Clearly, since the relative sizes of the quark masses
in the first generation are opposite to the order for the
higher two generations, i.e., md > mu, the strategy used
in these classes of models would not, by itself, be ex-
pected to account for this. However, it is also difficult to
account for the absolute sizes of ms and md, and of mµ
and me; the suppression mechanism makes these smaller
than the respective observed values. A similar problem
was encountered in a model using relatively conjugate
representations of a single ETC gauge group for left- and
right-handed chiral components to obtain intragenera-
tional mass splittings in Refs. [13, 14]. Although the
model is rather complicated, we believe that it is useful
as explicit, moderately ultraviolet-complete realization of
the strategy of using two different ETC groups to account
for the splitting between mt and mb.
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